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Abstract A mapping population of 104 F3 lines of pearl
millet, derived from a cross between two inbred lines 
H 77/833-2 × PRLT 2/89-33, was evaluated, as testcrosses
on a common tester, for traits determining grain and stover
yield in seven different field trials, distributed over 3 years
and two seasons. The total genetic variation was parti-
tioned into effects due to season (S), genotype (G), geno-
type × season interaction (G × S), and genotype × environ-
ment-within-season interaction [G × E(S)]. QTLs were 
determined for traits for their G, G × S, and G × E(S) 
effects, to assess the magnitude and the nature (cross over/
non-crossover) of environmental interaction effects on in-
dividual QTLs. QTLs for some traits were associated with
G effects only, while others were associated with the 
effects of both G and G × S and/or G, G × S and G × E(S)
effects. The major G × S QTLs detected were for flower-
ing time (on LG 4 and LG 6), and mapped to the same in-
tervals as G × S QTLs for several other traits (including
stover yield, harvest index, biomass yield and panicle
number m–2). All three QTLs detected for grain yield were
unaffected by G × S interaction however. All three QTLs
for stover yield (mapping on LG 2, LG 4 and LG 6) and
one of the three QTLs for grain yield (mapping on LG 4)
were also free of QTL × E(S) interactions. The grain yield
QTLs that were affected by QTL × E(S) interactions
(mapping on LG 2 and LG 6), appeared to be linked to
parallel QTL × E(S) interactions of the QTLs for panicle
number m–2 on (LG 2) and of QTLs for both panicle num-
ber m–2 and harvest index (LG 6). In general, QTL × E(S)
interactions were more frequently observed for component
traits of grain and stover yield, than for grain or stover
yield per se.
Keywords Pearl millet · Genotype×environment 
interaction · Genetic mapping · Quantitative trait loci ·
QTL×environment interaction · Marker-assisted 
selection
Introduction
Pearl millet [Pennisetum glaucum (L.) R. Br.] is grown
by subsistence farmers as a staple food and fodder crop
on 26 million ha (Anand Kumar 1989) in hot, semi-arid
regions of sub-Saharan Africa and in the Indian subcon-
tinent. Some of the major objectives of pearl millet
breeding programmes are the improvement of both grain
and stover yield, and yield stability, and the feeding
quality of its stover for ruminants. The rate of genetic
enhancement of these quantitative traits is slow because
they integrate many physiological processes, have com-
plex inheritance and their expression is strongly influ-
enced by genotype × environment interactions. In recent
years, the study of quantitative traits has been greatly fa-
cilitated by the use of molecular markers in quantitative
trait locus (QTL) mapping and marker-assisted selection
(Lee 1995; Mohan et al. 1997).
Genotype × environment interaction (G × E) is the
varying performance of individual genotypes across 
environments. G × E reduces the association between
phenotypic and genotypic values, and leads to variable
levels of the significance of QTL effects across environ-
ments (Hayes et al. 1993; Romagosa et al. 1996). QTL ×
environment interaction (QTL × E) has been a subject of
importance in many QTL mapping studies (Paterson et
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al. 1991; Bubeck et al. 1993; Lee et al. 1996; Lu et al.
1996; Yan et al. 1999; Cao et al. 2001). QTL × E in these
studies resulted in either significant QTL effects being
detected only in a subset of all the environments, or in
changes in magnitude of the QTL effect (non-crossover)
or changes in QTL effects across environments in rank
(crossover, i.e. alternate alleles demonstrating a favour-
able effect in different environments). When environ-
ment significantly modifies QTL effects, marker-assisted
selection schemes specific to environments may be nec-
essary. Until recently, the existence of QTL × E interac-
tions in most mapping studies was inferred by comparing
QTLs and their effects in multiple environments (e.g.
studies reported by Paterson et al. 1991; Bubeck et al.
1993; Lee et al. 1996; Lu et al. 1997). However, Yan et
al. (1999) have shown that QTLs determined from
across-environment trait means are likely to be biased, as
they may include G × E interaction effects in addition to
genotype main effects. Also QTL analysis on across-
environment trait means provides no information on the
existence, magnitude or the nature of QTL × E interac-
tions occurring for individual QTLs (Zhu 1998; Yan et
al. 1999; Cao et al. 2001). Yan et al. (1999) have pro-
posed a new analysis methodology in which the total ge-
netic variance is first partitioned into effects due to geno-
type (G) and to G × E interactions, and QTLs are then
mapped to these effects separately. QTLs mapping to G
effects only are those that are independent of changes in
environmental conditions, while those mapping to G × E
interaction effects are those that are significantly affect-
ed by changes in environmental conditions (Yan et al.
1999; Cao et al. 2001). This approach to QTL analysis
both distinguishes QTLs that are, and are not, affected
by variation in environment, and also provides informa-
tion on the magnitude and the nature (crossover or non-
crossover) of the identified QTL × E interactions.
The present study was designed to assess G × E inter-
actions for traits determining grain and stover yields in
pearl millet in seven different environments. QTLs were
determined for G and G × E effects separately, to under-
stand how changes in environment affected QTL expres-
sion. Results obtained are discussed in the light of the
use of marker-assisted selection for improvement of
these traits in breeding programmes.
Materials and methods
Plant material
The experiment included 104 testcross hybrids (TCs), the seed 
of which was produced by crossing pollen from 104 mapped, 
F2-derived F3 progenies onto a common male-sterile line tester(843A, Stegmeier et al. 1998). Characteristics of the mapping-
population parents (H 77/833-2 and PRLT 2/89-33) and details of
the mapping-population and the genetic linkage map are described
in Yadav et al. (2002).
Environments
The 104 mapping progeny testcross hybrids (genotypes) were
evaluated in seven different trials (hereafter referred to as environ-
ments) over a 3-year period (Table 1). The seven environments
differed with respect to the latitude of the locations (northern and
southern India), the seasons in which experiments were conducted
(dry and rainy seasons) and the years (1996 to 1998) in which the
trials were conducted. The trials were conducted at three loca-
tions: at Bawal and Mandore in northern India, and at Patancheru
in southern India. All trials except those conducted at Bawal and
Mandore (environments 4 and 5) were grown under irrigated con-
ditions upon sowing to maturity as described in Yadav et al.
(2002). Trials at Bawal and Mandore were grown under rainfed
conditions. 
Agronomic evaluation
In all seven environments, TCs were evaluated in randomised
complete block design field trials with three replications. Trials in
environments 1, 2, 4 and 5 had plots of 2 rows × 0.6 m × 4.0 m,
and those in environments 3, 6 and 7 had plot sizes of 1 row ×
0.6 m × 4.0 m. Intra-row spacing was maintained at a uniform
0.15 to 0.20 m in all trials, resulting in a plant stand of approxi-
mately 8–10 plants m–2. Flowering time (FT) was recorded for
each plot as days from seedling emergence to stigma emergence in
50% of the main shoot panicles. At harvest, data were recorded on
plant numbers, panicle numbers and stover fresh mass. Panicle
and grain dry mass were recorded after oven drying for approxi-
mately 72 h; stover dry mass was estimated from plot stover fresh
weights using the fresh and dry weights of a chopped sub-sample
of stover from each plot.
Statistical analysis
The data set involved 104 mapping population TCs and seven
evaluation environments distributed among three locations, two
seasons and 3 years (Table 1). Because of the unbalanced nature of
the environmental data set, and the consequent few degrees of
Table 1 Main characteristics of seven environments used to eval-
uate the performance of pearl millet mapping-progeny testcrosses
for flowering time, and traits determining stover and grain yield.
Day lengths for the seven environments were calculated at 20 days
after sowing, when the crop should be capable of floral initiation.
The range in the mean temperatures provided is that between
the dates of sowing and harvest
Environment Year Location, latitude Season Date of sowing/ Day Temperature Rainfall/irrigation (mm)
harvesting length range (°C)
Environment 1 1996 Patancheru, 17°45′N Dry season 16.02–08.05 12′33′′ 20.6–36.2 Irrigated weekly
Environment 2 1997 Patancheru, 17°45′N Dry season 27.01–25.04 12′19′′ 17.3–33.6 Irrigated weekly
Environment 3 1997 Patancheru, 17°45′N Rainy season 18.06–29.09 13′56′′ 22.2–29.5 Supplementally irrigated
Environment 4 1997 Bawal, 28°12′N Rainy season 03.07–20.09 14′31′′ Data not available 352 mm (22 rainy days)
Environment 5 1997 Mandore, 26°30′N Rainy season 13.07–30.09 14′05′′ 22.5–30.9 358 mm (34 rainy days)
Environment 6 1998 Patancheru, 17°45′N Dry season 23.02–08.05 12′45′′ 21.3–36.9 Irrigated weekly
Environment 7 1998 Patancheru, 17°45′N Dry season 23.02–05.05 12′45′′ 21.3–36.9 Irrigated weekly
freedom for most combinations of season, location and year, only
the effects due to season (1 df), and environment within season 
(5 df), were considered in the analysis of both E and G × E effects.
All environmental effects were considered random. Combined
analysis of variance was performed using GENSTAT (GENSTAT
5 Committee 1993) to determine the significance of variation due
to E [S and E(S)], G and G × E [G × S and G × E(S)] on each trait
evaluated. Effects due to G, G × S and G × E(S) were calculated
as described in Yan et al. (1999). Briefly, the phenotypic perfor-
mance of the kth genotype in the hth environment within the jth sea-
son was fitted to the following statistical model: 
where µ is the population mean, Sj is the effect of the jth season,
E(S)h(j) is the effect of the hth environment within the jth season, Gk
is the effect of the kth genotype, (GS)jk is the interaction of the kth
genotype and the jth season, (GE(S))k(hj) is the interaction of the kth
genotype and the hth environment within the jth season and ehjk is
the residual effect.
QTL mapping was performed on the G, G × S and G × E(S) 
effect means, using the method of interval mapping (Lander and
Botstein 1989). The G main effect of traits are the accumulated 
effect expressed in the same way across different environments,
while the G × S and G × E(S) interaction effects are the deviation
due to specific seasons and specific environments within a season
respectively. The additive genetic model in MAPMAKER-QTL
was used to analyse QTLs in the TC progenies (Beavis et al. 1994;
Yadav et al. 2002).
Results
Agronomic trait expressions in different environments
Means and ranges of the traits evaluated in seven differ-
ent environments are presented in Table 2. Seasonal
mean values were similar for flowering time, biomass
and stover yields, but dry season means for panicle num-
ber (in particular), grain yield and the harvest index were
higher than those for the rainy season (Table 2). Differ-
ences in panicle number were due to the much-lower
number of productive tillers in the northern Indian rainy
season locations (environments 4 and 5). The lower
rainy season mean-grain yield and mean-harvest index
values were due to much-lower values of both of these
traits at environment 4 than at any of the other locations,
including environment 5, despite an only slightly lower
biomass productivity (Table 2). Apart from these mean
values, most of the traits for the 104 TCs were roughly
similar across the other locations. 
Sources of variation in trait performance across envi-
ronments are presented in Table 3. For most traits, season
accounted for a small proportion of total environmental
variation, ranging from 0% of the total mean sums of
squares for flowering time to 23% for panicle number
m–2. Season was a significant source of variation for 
panicle number, biomass, harvest index and grain yield
(Table 3). In contrast, environment within season ac-
counted for 99% of the total environmental variation in
flowering time, and between 76% to 89% of the variation
in the rest of the traits evaluated (Table 3). Although sea-
son contributed relatively little to total environmental
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variation, it was a more-important source of G × E varia-
tion. G × S accounted for between 18% (panicle number)
and 39% (time to flowering) of the total mean sums 
of squares for G × E for all traits, and was a significant
source of variation for all traits (Table 3). However 
G × E(S) still accounted for a larger fraction of the total
mean sums of squares for G × E for all traits than did 
G × S, ranging from 61% for flowering time to 82% for
panicle number m–2, and was statistically significant for
all traits except stover and biomass yield (Table 3). 
Grain, stover and biomass yields were consistently
positively associated with each other, and with produc-
tive tiller number, in all environments (data not shown).
The relationship of harvest index and grain yield was
also consistently positive (and that of harvest index and
stover yield was consistently negative) in all environ-
ments. In contrast, the relationship between flowering
time and stover, grain and biomass yields in the two sea-
sons was quite different: later flowering was associated
with increased yields in the dry season environments but
with decreased yields in the rainy season environments
(Table 4). This did not appear to be due directly to a dif-
ferential effect of flowering time on productive tiller
numbers in the two seasons, as panicle number generally
decreased with later flowering in both seasons, although
this relationship was more consistent in the rainy season
environments where yields also decreased with later
flowering (Table 4). Similarly, there was a different rela-
Table 3 Proportion of environment and genotype × environment
interaction mean sum of squares accounted by variations in envi-
ronmental factors (season and environments within seasons), ge-
notypes (testcrosses) and their interactions in the expression
of grain and stover yield determining traits in pearl millet. Test-
crosses of skeleton-mapped F2-derived F3 progenies from a pearl
millet mapping population based on a cross between H 77/833-2 ×
PRLT 2/89-33 were subject to multi-environment evaluations
Source of variation % of MSS for Mean F ratio P< % of MSS for Mean F ratio P<
E or G × E square E or G × E square
Flowering time Panicle number
Season 0% 0.00 NSa 23% 18,482 0.0001
Environment (season) 99% 74.97 0.0001 76% 12,339 0.0001
Rep (environment × season) 1% 19.18 1% 76.4
Genotype 21.59 0.0001 96.7 0.0001
Genotype × season 39% 9.49 0.0001 18% 24.0 0.0001
Genotype × environment (season) 61% 3.20 0.0001 82% 22.9 0.0001
Residual 2.04 14.7
Biomass yield Harvest index
Season 4% 786,874 0.052 18% 14,933 0.0001
Environment (season) 85% 3,554,969 0.0001 81% 13,063 0.0001
Rep (environment × season) 12% 173,418 1% 48.3
Testcross 73,383 0.0001 45.3 0.0001
Genotype × season 28% 33,589 0.0001 24% 26.8 0.0001
Genotype × environment (season) 72% 18,720 NS 76% 18.4 0.022
Residual 18,373 15.8
Grain yield Stover yield
Season 13% 12,866 0.0001 2% 133,846 NS
Environment (season) 83% 16,717 0.0001 89% 1,324,560 0.0001
Rep (environment × season) 4% 26,988 9% 47,998
Testcross 10,543 0.0001 24,984 0.0001
Genotype × season 22% 4,517 0.003 31% 12,881 0.0001
Genotype × environment (season) 78% 3,529 0.037 69% 6,092 NS
Residual 3,091 5,847
a NS = P > 0.10
Table 4 Correlation coeffi-
cients of between flowering
time, and pearl millet grain
and biomass yield traits, in in-
dividual environments of dry
and rainy season trials as 
described in Table 1. Critical
values for correlation coeffi-
cients are 0.19, 0.23 and 0.26
for P < 0.05, P < 0.01 and
P < 0.001 respectively
Environment Panicle Stover Biomass Grain Harvest
number m–2 yield yield yield index
Dry Season
1 –0.07 0.46 0.22 0.04 –0.37
2 –0.22 0.69 0.48 0.19 –0.48
6 –0.19 0.40 0.32 0.17 –0.23
7 –0.13 0.38 0.37 0.31 –0.11
Rainy Season
3 –0.30 –0.19 –0.31 –0.32 –0.11
4 –0.13 –0.27 –0.27 –0.17 0.00
5 –0.32 –0.22 –0.28 –0.26 –0.05
tionship between flowering time and harvest index be-
tween the two seasons with no significant correlation be-
tween the two traits in the rainy season trials, whereas
there was a negative correlation between flowering time
and harvest index in the dry season trials (Table 4). This
differential effect of seasons also appears in terms of
large QTL × S interactions for the flowering-time QTLs
(see below). 
QTL mapping and characterisation
QTLs associated with genotype main effects of traits
The results of QTL mapping of genotype main effects 
(G QTL) are presented in Table 5. G QTLs for flowering
time mapped to linkage group (LG) 4 and LG 6. For the
G QTL on LG 4, the H 77 parental allele was associated
with later flowering, while at the G QTL on LG 6, the
PRLT parental allele was associated with later flowering.
G QTLs for stover yield, grain yield and biomass yield
co-mapped with flowering time G QTLs (Table 5;
Fig. 1), and the parental alleles associated with later
flowering were also associated with increased stover,
grain and biomass yields on both LG. Similarly, G QTLs
for panicle number m–2 and harvest index co-mapped
with the flowering time G QTL on LG 6. The parental
allele associated with later flowering at this QTL was
also associated with increased stover, grain and biomass
yields, but, in contrast to LG 4, was associated with 
decreased panicle number m–2 and harvest index. 
Three more G QTLs for panicle number m–2 were
identified in this study. They mapped to LG 1, LG 2 and
LG 7. Unlike the G QTL for panicle number m–2 map-
ping on LG 6, those on LG 1, LG 2 and LG 7 were inde-
pendent of flowering time, i.e. did not co-map with flow-
ering-time QTLs (Table 5). The G QTL for panicle num-
ber m–2 on LG 2 co-mapped with G QTLs for grain,
stover and biomass yield, and the H 77 parental alleles at
this map position were associated with increased panicle
number m–2, stover, grain and biomass yield (Table 5).
Evidently this QTL affects either the number of tillers
produced or (more likely) the fraction of tillers continu-
ing development to maturity, and consequently stover,
grain and biomass yields.
QTLs associated with G × S interaction effects of traits
There were significant QTL × S interactions for the
flowering-time QTLs mapping to LG 4 and LG 6; in
both cases, these interactions were of the crossover type
(Table 5). For the QTL on LG 4, the H 77 allele resulted
in later flowering time in the dry season, but in the rainy
season the alternate PRLT allele resulted in later flower-
ing time. Conversely, on LG 6, the PRLT allele delayed
flowering time in the dry season, and the H 77 allele de-
layed flowering time in the rainy season. Clearly there-
fore, the effects on flowering time of the two parental 
516
Fig. 1 Map locations of genotype main-effect (G) QTLs of grain
and stover yield determining traits in pearl millet mapping popula-
tion H 77/833-2 × PRLT 2/89-33. For each linkage group a scale
of genetic distance in Haldane cM is provided. One-LOD support
intervals are indicated by vertical bars with the position of the
maximum LOD peak indicated by ●. QTLs in which the PRLT 
parental allele conferred an increased trait value are indicated on
the right- hand side of the linkage map, and those in which the
H 77 parental allele increased the trait value is on the left- hand
side. FT Flowering time, GY Grain yield m–2, SY Stover yield m–2,
BMY Biomass yield m–2, PN Panicle number m–2, HI Harvest 
index
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A significant QTL × E(S) interaction was evident for
the grain yield QTL on LG 2 in (dry season) environ-
ments 2 and 7, and for the grain yield QTL on LG 6 in
environment 7 (Table 5). The QTL × E(S) interaction for
the grain yield QTL on LG 2 was accompanied by simi-
lar QTL × E(S) interactions for the biomass yield and
panicle number m–2 QTLs mapping to the same region of
LG 2 in environment 2, and by a QTL × E(S) interaction
for the panicle number m–2 QTL mapping to the same re-
gion on LG 2 in environment 7 (Table 5). Similarly, the
QTL × E(S) interaction for the grain yield QTL on LG 6
was accompanied by a QTL × E(S) interaction for the
harvest-index QTL mapping to the same region of LG 6
in environment 7. It was therefore likely that the primary
QTL × E(S) interactions were on productive tiller num-
ber, biomass yield and/or harvest index, and these in turn
caused analogous QTL × E(S) interactions on grain
yield. QTL × E(S) interactions also occurred for the
QTLs for panicle number m–2 on LG 2 and LG 7 in rainy
season environments 3 and 4, but they were not accom-
panied by parallel QTL × E(S) interactions for stover,
biomass or grain yields (Table 5).
Discussion
In this study, most QTLs associated with G effects of
traits mapped to LG 2, LG 4 and LG 6. The G QTLs 
for stover, grain and biomass yields co-mapped with the
G QTLs for panicle number m–2 (on LG 2 and 6), and to
G QTLs for flowering time on LG 4 and LG 6 (Fig. 1).
QTLs of component traits (such as flowering time and
panicle number m–2) co-mapping with stover and grain
yield QTLs suggested their involvement in determining
these traits. An increase in time to flowering (QTLs on
LG 4 and LG 6) would be expected to increase stover
and biomass yield (Craufurd and Bidinger 1988a), and
this was supported by the finding that the parental alleles
increasing flowering time on these LGs were also associ-
ated with increased stover, grain and biomass yields.
Similarly, on LG 6 the QTL for panicle number m–2 co-
mapped with QTLs for grain, stover and biomass yield.
Both flowering-time G QTLs (LG 4 and LG 6) were
significantly affected by season, and the QTL × S inter-
action observed for flowering was accompanied by a
parallel interaction for the two QTLs for stover yield,
which mapped to the same intervals on the these LGs.
This, however, was not found with the QTLs for grain
yield (Table 5). This was mainly because the QTL × S
interaction on flowering time was accompanied by a par-
allel, but opposite, QTL × S interaction on the QTLs for
harvest index at these intervals, such that an increase in
stover (and biomass, at least in the case of the QTL on
LG 6) was accompanied by a decline in harvest index,
leaving grain yields unchanged. Such interactions among
yield components, with little or no effect on final yield,
are common in cereals, because of compensatory rela-
tionships among sequentially developing yield compo-
nents (Adams 1967). These positive relationships be-
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alleles at these flowering QTLs on both LG 4 and LG 6
are dependent on the differences in environmental (day
length and/or temperature) conditions in the two seasons.
The QTL × S effects for the flowering-time QTLs on
LG 4 and LG 6 co-mapped with the QTL × S effects on
stover yield and harvest index (Table 5). For both inter-
vals, parental alleles associated with later flowering-time
were associated with increased stover yield but reduced
harvest index. As a result, QTL × S effects for both of
these flowering-time QTLs were not accompanied by
QTL × S effects for grain yield (Table 5). In addition,
QTL × S effects for the flowering-time QTL on LG 6 
co-mapped with the QTL × S effects on biomass yield
and panicle number m–2, with later flowering again asso-
ciated with increased biomass yield, but with reduced
panicle numbers m–2 (Table 5). Longer day lengths, such
as those encountered at the rainy season locations 
(Table 1), have previously been reported to both delay
flowering and to reduce the numbers of productive tillers
in pearl millet (Craufurd and Bidinger 1988b). Crossover
QTL × S effects were also evident for the G QTL for
panicle number m–2 on LG 1, which was not related to
flowering time (Table 5). In addition, a season specific
QTL was identified for the harvest index on LG 2.
QTLs associated with G × E(S) interaction effects
of traits
The flowering-time QTLs mapping on LG 4 and LG 6
were unaffected by the individual rainy season environ-
ments (environments 3, 4 and 5) but showed significant
QTL × E [i.e. QTL × E(S)] interactions with some of the
dry season environments. The flowering-time QTLs on
LG 4 and LG 6 showed a similar (non-crossover) inter-
action in dry season environment 2 as they did in the dry
season in general, but a crossover interaction was ob-
served for the QTL on LG 4 in dry season environment 7
and for that on LG 6 in the dry season environment 1
(Table 5). Environment 2 experienced the shortest day
length and the coolest temperatures of any test environ-
ment in this set of trials. This would have promoted early
flowering of those genotypes that would have delayed
flowering in relatively longer photoperiods, whilst the
higher temperatures of the other three dry season envi-
ronments would accentuate this difference in flowering-
time response. Although these QTL × E(S) interactions
for the LG 4 and LG 6 flowering-time QTLs were signif-
icant, they were not associated with QTL × E(S) effects
for stover, grain or biomass yields (Table 5).
A new QTL for flowering time was identified on 
LG 5 in rainy season environment 3, the only test envi-
ronment conducted in Southern India in the rainy season.
This QTL was specific to the environmental conditions
of this environment, as no G or G × S QTLs for flower-
ing time were detected on this linkage group (Table 5).
The H 77 allele at this QTL on LG 5 increased flowering
time. This QTL was neither associated with grain and
stover yields nor with any of their component traits.
tween yield and the yield component G QTL on LG 4
and LG 6 very likely represent an indirect effect of later-
flowering, which resulted in a longer vegetative growth
period and increased biomass yields. Dry matter accu-
mulation is increased in later-flowering genotypes but
this does not necessarily result in increased grain yield
because the additional dry matter is partitioned to stem
rather than to grain growth, thus reducing harvest index
(Crauford and Bidinger 1988b). The later-flowering 
allele for the G QTL on LG 6 has previously been re-
ported to be associated with a reduced panicle number
m–2, but an increased number of grains per panicle
(Yadav et al. 1999). In that study these two component
effects offset each other and the QTL had no effect on
grain yield, as found in this study.
There were QTL × S interactions for two of the four
QTLs for panicle number m–2 (Table 5). Interestingly,
the strongest of these QTLs, on LG 2, was independent
of flowering-time QTLs and was not affected by season.
Further, it was also the only QTL for panicle number m–2
co-mapping with QTLs for stover, biomass and grain
yields. Like that for panicle number m–2, the associated
QTLs for stover, biomass and grain yield on LG 2 were
not affected by season, making this genomic region of
particular interest for areas where improving productive
tillering is a breeding-programme objective.
The QTL for panicle number m–2 on LG 6, was linked
to a flowering-time QTL, for which the allele for later
flowering was associated with reduced panicle number.
This was probably a result of delayed flowering extend-
ing the period of apical dominance of the main shoot.
Alleles for delayed flowering and reduced panicle num-
ber were in turn associated with increased stover yield
and increased biomass yield, but with reduced harvest
index and reduced grain yield, making this QTL of less
interest for yield improvement.
QTL × E(S) interactions occurred for various QTLs
when the G QTL effects and/or QTL × S interactions for
flowering time and other stover and grain yield deter-
mining component traits were not consistent across all
the test environments within a particular season. For ex-
ample, the flowering-time QTLs on LG 4 and LG 6
(which had significant QTL × S interactions), also had
QTL × E(S) interactions in dry season environments 1
and 2, but were free of QTL × E(S) interactions in rainy
season environments (Table 5). However, significant
QTL × E(S) interactions were not universally the case.
QTL × E(S) interactions clearly resulted from other, less
well understood, differences among environments that
may not have been related to gross seasonal differences
such as day length, temperature or radiation. The ques-
tion is whether these QTL × E(S) interactions are ran-
dom differences that cannot be addressed in a crop im-
provement program, or the result of predictable ones
which need to be.
All three QTLs for stover yield were free of QTL ×
E(S) interactions, and only the biomass QTL on LG 2
was subject to a significant QTL × E(S), in dry season
environment 7, where it was accompanied by a similar
interaction for panicle number m–2. Interestingly, the 
majority of QTLs detected were free of QTL × E(S) in-
teractions in rainy season environments. All three QTLs
for grain yield were free of both QTL × S interactions
and QTL × E(S) interactions in the rainy season environ-
ments. The grain yield QTL on LG 4 was free of QTL ×
E(S) interactions in all environments, and the grain yield
QTL on LG 2 and LG 6 were subject to QTL × E(S) in-
teractions only in dry season environments 2 (LG 2) and
7 (LG 2 and LG 6). However these interaction effects
were small, and in only one case (LG 2 in environment
7) was the QTL × E(S) interaction of a crossover type.
Non-crossover interactions are not considered that seri-
ous in plant breeding programmes, as they affect only
the magnitude and not the direction of effects in different
environments. The occurrence of QTL × E(S) interac-
tions only in the dry season is a bit surprising, in that all
of the dry season environments were at a single location
(Patancheru) whereas the rainy season environments
were all in different locations, which spanned 10 degrees
of latitude (Table 1). This is a useful finding, as pearl
millet is grown almost entirely as a rainy season crop in
most parts of the semi-arid tropics; stable QTLs identi-
fied in rainy season environments are likely to have wide
application in the target environments. However, it does
raise some questions about the use of dry season test 
environments for QTL identification.
Conclusions
Three types of QTLs were detected in this study. The
first type was associated with G effects for various traits,
but not with either G × S or G × E(S) interaction effects.
These included QTLs for grain and biomass yield on LG
4 and for a stover yield QTL on LG 2. Because the ex-
pression of such QTLs is free from environmental inter-
actions, their use in selection will change/improve trait
performances across all environments included in this
study.
The second type of QTL identified was associated
with traits in either a specific season or a specific envi-
ronment. QTLs in this category included that for flower-
ing time on LG 5 and those for harvest index on LG 2
and LG 4. Expression of such QTLs is specific to a par-
ticular set of environmental conditions, and they will be
suitable for selection of performance in those specific
environments only.
The third type of QTLs identified were associated
with both G and G × E effects; many of the QTLs identi-
fied in this study fell in this category. The expression of
such QTLs is dependent on environmental conditions
and their application in marker-assisted breeding pro-
grams would require careful consideration. However, if
the QTL × E interactions were of a non-crossover type,
or relatively small, selection would still contribute to
gains in performance across environments, albeit with
variable responses in particular environments. However,
if the interaction were of the crossover type and relative-
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ly large, selecting for one parental allele could result in
an undesired result in certain environments. The alterna-
tive would be to select alternative parental alleles for dif-
ferent sites/environments, which would be recommended
only for clearly defined, major target environments,
where different alleles had major effects.
Agricultural researchers have long recognised the im-
plications of genotype × environment interactions in
breeding programmes (for a review see Kang 1998). In
this report we have used a methodology which has made
it possible to identify the interaction of individual envi-
ronmental variations on QTLs underlying a complex
phenotype such as grain yield. Such information would
help breeders in deciding which QTL to use in their
breeding programmes while tailoring crop cultivars for
specific or more diverse environments.
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